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ABSTRACT 


Theoretical  and  experimental  comparisons  have  been  made 
between  several  nonlinear  fracture  toughness  methods  includ- 
ing JIc(J  integral  method),  Gro[j(COD  method)  and  (nonlinear 
energy  method).  Three  series  of  compact  tension  specimens  of 
7075-T651  , 2124-T851  and  Ti-6AJ,-4V  were  tested.  five  fracture 
toughness  tests,  at  thicknesses  above  and  below  the  minimum 
value  for  plane  strain  fracture,  were  conducted  in  each  series, 
and  toughness  values  were  compared  at:  (a)  the  onset  of  stable 

crack  growth  and  (b)  at  the  onset  of  unstable  fracture.  It  was 
found  that  when  the  critical  point  was  the  onset  of  stable 
crack  growth  J ^ c , GIc  and  (T[c  (linear  toughness)  were  indepen- 
dent of  specimen  thickness.  When  the  critical  point  was  the 
onset  of  unstable  fracture  all  three  toughness  values  increased 
with  decreasing  thickness,  with  G_  > J > GT  . The  G_._  values 
were  much  higher  than  the  others  in  all  cases. 


INTRODUCTION 


Widespread  acceptance  of  linear  elastic  fracture  mechanics 
concepts  in  recent  years  has  resulted  in  the  development  of  new 
structural  alloys  having  fracture  toughnesses  significantly 
higher  than  the  older  high-strength,  1 ow- toughness  alloys, 
while  maintaining  yield  strengths  at  previous  levels.  However, 
in  fracture  toughness  testing  these  materials  exhibit  consider- 
able nonlinear  deformation,  due  to  crack-tip  plasticity  and 
subcritical  crack  growth,  prior  to  unstable  fracture.  lo  meet 
the  ASTNf  requirement  for  plane  strain  fracture  toughness  test- 
ing, b.399,  the  minimum  specimen  thicknesses  ioi  many  of  tl.ese 
materials  are  too  large  for  economical  testing  and  also  much 
greater  than  most  structural  applications. 

Several  approaches  to  obtaining  a suitable  fracture 
toughness  test  method  have  been  proposed  for  materials  which 
exhibit  considerable  nonlinear  response  prior  to  unstable 
fracture.  The  first  approach,  suggested  by  'ruin,  cl  al. 

[1,2],  involved  determining  the  size  of  the  crack  tip  plastic 
zone  and  calculating  the  linear  fracture  toughness  as  though 
the  crack  size  had  increased  by  an  amount  equal  to  the  plastic 
zone  size.  In  cases  where  extensive  crack-tip  plastic  de- 
formation occurs  without  subcritical  crack  growth,  Wells  [3] 
proposed  that  the  material  will  fail  under  a condition  that 
lends  to  a particular  amount  of  deformation  at  the  crack  tip, 
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a quantitative  measure  of  which  can  be  obtained  from  the  crack- 
tip  opening  displacement.  Rice  [4,5]  introduced  a line  energy 
integral  (J  integral),  which  includes  nonlinear  deformation  in 
the  vicinity  of  the  crack-tip.  The  J integral  was  initially 
treated  as  a failure  criterion  by  Regley  and  Landes  [6,7],  and 
is  currently  being  evaluated  as  a nonlinear  fracture  toughness 
parameter  in  a round-robin  test  program.  Another  nonlinear 
fracture  mechanics  method,  called  the  nonlinear  energy  method, 
has  also  been  proposed  [8,9].  This  method,  which  is  based  on 
a general  definition  of  fracture  toughness,  permits  the 
straightforward  determination  of  a nonlinear  fracture  toughness 
parameter,  Gc  or  GIc»  from  the  load-displacement  record  of  a 
single  fracture  toughness  test.  The  nonlinear  toughness  para- 
meter is  defined  as  the  energy  rate  in  a semibrittle  material 
and  is  given  by 

G = CG  (1) 

c c J 

where  C is  a measure  of  the  curvature  of  the  load-displacement 
record  and  G is  the  linear  toughness.  Since  C approaches 
unity  as  the  load-displacement  record  approaches  a straight 
line,  it  is  clear  that  G approaches  the  Linear  fracture  tough- 
ness when  brittle  materials  are  tested. 

All  of  the  nonlinear  fracture  mechanics  methods,  though 
different  in  their  approaches,  propose  fracture  toughness 
parameters  similar  to  the  linear  fracture  toughness.  In  this 
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paper  the  analytical  bases  tor  these  approaches  have  been  out- 
lined and  the  methods  of  obtaining  the  toughness  values  from 
experimental  data  have  been  discussed  in  detail.  Experimental 
comparisons  among  the  nonlinear  energy  f(l  ) , the  J integral 
(JIc),  and  the  crack-opening  displacement  C('C0I,)  toughness 
values  have  been  made  and  their  variation  with  specimen  thick- 
nesses greater  and  less  than  the  thickness  required  by  ASTM 
F399  is  presented  in  this  report.  The  toughness  values  were 
determined  at  two  critical  points,  (a)  the  initiation  of  sub- 
critical  crack  growth  and  (b)  the  onset  of  unstable  fracture. 
The  materials  used  for  these  tests  include  two  aluminum  alloys 
7075-T651  and  2124-T851  and  a titanium  alloy  Ti-6A£-4V  in  the 
B forged  condition. 
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THH  DEVELOPMENT  OF  VARIOUS  NONI.I  NEAR  METHODS 


The  Crack-Opening  Displacement  Method.  Wells  [3]  assumed 
that,  when  crack- tip  yielding  occurs,  there  is  a close  re- 
lationship between  the  energy  released  and  the  energy  ab- 
sorbed during  an  increment  of  crack  growth  after  separation 
of  the  crack  surfaces  through  a critical  displ acement , 6c> 
When  the  crack-tip  plastic  zone  is  small  compared  to  the 
crack  length,  this  relationship  can  be  obtained  using  a 
quasielastic  approach  (the  strip  yield  model).  A relation- 
ship between  6,  the  nominal  stress  (a),  the  yield  strength 
(a  ),  and  the  crack  length  (2a)  can  be  obtained  [10]  from 

y ® 

the  strip  yield  model  as 


Considering  only  the  first  term  in  Eq.(2)  leads  to 


6 = 


Tia2a 

Fa 

ys 


(3) 


From  Griffith's  analysis  of  an  infinite  sheet  containing  a 
crack  of  length  2a,  it  has  been  shown  that 


G = 


tio2a 

F. 


(4) 


which  is  substituted  into  Fq.(3)  to  yield 


COD 


= a 

vs  c 


(5) 


It  is  clear  from  this  development  that  considerable 
approximations  arc  employed  in  order  to  obtain  Cq.(5).  lor 
example,  the  suitability  ol'  the  strip  yield  model  for  this 
analysis  has  not  been  verified  in  a general  manner  and  may 
be  completely  inappropriate.  There  is  also  no  general  agree- 
ment as  to  how  the  crack-opening  displacement  can  be  accurately 
measured.  Additional  inaccuracies  are  also  introduced  by  the 
use  of  Hq .(S')  for  both  plane  stress  and  plane  strain  condi- 
tions I'll].  Moreover,  the  COD  measurement  is  not  reliable 
once  subcritical  crack  growth  is  initiated,  and  the  COD  criter- 
ion is  not  applicable  in  such  cases. 

The  .J  Integral  Method.  In  an  elastic  medium  the  J integral 
1 4 , S 1 , de  f i ned  as 

J = f (Ed y - T ‘ • ds) , (6) 


where  7.  is  the  elastic  strain  energy  density,  T is  the  surface 
traction  vector  and  u is  the  'isplacement  vector,  has  been 
shown  to  be  a path- independent  energy  line  integral.  The  con- 
tour f begins  on  one  crack  surface  and  ends  on  the  other  so  as 
to  encompass  the  crack  tip, but  because  of  its  path  indepen- 
dence, it  can  otherwise  be  arbitrarily  located. 

If  the  global  elastic  potential  energy  for  a nonlinear 
elastic  material  is  de  f i ned  a *• 


r = u - w 


h 


where  U is  the  total  strain  energy  and  IV  is  the  work  done, 
it  has  been  shown  that 

J - - H • (8) 

The  J integral  was  defined  for  a linear  or  nonlinear 
elastic  medium.  When  the  loading  is  monotonic  and  proportional, 
the  deformation  theory  of  plasticity  is  equivalent  to  the  non- 
linear elastic  analysis  of  deformation.  Hence,  small-scale 
plastic  crack-tip  deformation  can  be  approximated  by  a defor- 
mation theory  of  plasticity.  However,  the  J integral  is  a 
derivative  of  the  potential  energy  with  respect  to  crack  length, 
Eq.(8).  For  a nonlinear  elastic  body  J may  be  interpreted  as 
the  rate  of  change  of  potential  energy  with  crack  extension, 
similar  to  C . But,  for  a general  elastic-plastic,  problem, 
there  is  always  crack-tip  unloading  with  crack  growth  and 
plastic  deformation  is  irreversible.  Therefore,  J cannot  be 
interpreted  as  an  energy  change  rate  with  crack  extension  and 
the  deformation  plasticity  theory  is  not  applicable.  It  can 
be  considered  as  an  energy  comparison  of  two  similar  bodies 
with  slightly  different  crack  sizes  loaded  in  the  same  manner, 
in  which  case  the  deformation  theory  may  be  appropriate;  but 
this  energy  comparison  is  not  equivalent  to  the  rate  of  en- 
ergy change  in  the  process  of  crack  extension.  Hence,  the  J 
integral  is  essentially  a nonlinear  elastic  energy  release 


rate  criterion  used  as  an  approximate  criterion  for  an 


elastic-plastic  material.  further,  as  in  the  case  of  the  COD 
method,  t Ire  J integral  approach  is  not  applicable  when  there 
is  subcritical  crack  growth. 


The  Nonlinear  T.nergy  Method.  from  a global  energy  balance 
consideration  during  slow  crack  growth  in  a cracked  body,  the 
nonlinear  energy  toughness,  <1  , lias  been  defined  (91  as 


(1 

c 


-II'  -II" 


c r i t 


3T 
9 c 


(9) 


in  which 


W - the  external  work, 

U'  = elastic  strain  energy, 
li"  = plastic  strain  energy,  and 
F = fracture  surface  energy. 

This  definition  is  valid  regardless  of  whether  the  material 
exhibits  a linear  or  nonlinear  response  during  deformation, 
from  this  general  definition,  an  expression  for  fracture 
toughness  has  been  obtained.  :.i  h can  be  easily  evaluated 
from  conventional  fracture  toughness  test  results. 

The  load - d i sp 1 acement  record  obtained  from  a fracture 
toughness  test  of  a material  exhibiting  crack-tip  plasticity 
is  represented  generically  in  Tig.  1.  This  curve  can  be  re- 


presented by  a three- parameter  Rainbe rg - Osgood  relation  as 


In  which 
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v = displacement 
F = load 

M = initial  specimen  modulus 

and  k and  n are  constants  for  a given  test  curve.  The  inter- 
nal energy  stored  by  the  specimens,  U = U'  + U",  prior  to 
crack  initiation  can  be  obtained  from  Eq.  (10)  as 


U = Fv  - 


/ 


vdF 


. ii.  [i  . ink 

2M  n + 1 


n+1 V 


n- 1 i 


3l\ 


Under  a constant  load  condition  of  crack-growth,  yy  and 


(ID 

3U 


can  be  obtained  as 


aw  = f3v 

3c  3c 


F n'1t  2 

1 + F 3c 


p2  3 (1,/M) 


and 


3U 

3c 


n+1  HI 

from  which  it  is  seen  that 


Hl/M) 

9c 


(12) 


(13) 


c; 


_ 3W  3U 

1 c 3c  3c 

= CG 

I c 


1 + IniSrF) 

n+  l M 


n-li 


,2  3 (1/M) 
3 c 


(14) 


is  the  linear  fracture  toughness  under  plane  strain  condition 


1 1 - 


PXPPR1MPNTAI.  PROCEDURE 

Experimental  comparisons  between  Cjc,  Jj^  and  ^C0D  as 

failure  criteria  were  made  by  fracture  toughness  testing 

of  three  sets  of  compact  tension  specimens  prepared  from 

plates  of  7075-T651  and  2124-1851  aluminum  alloys  and 

Ti-6A£-4V  alloy  in  the  g- forged  condition.  At  least  five 

specimens  were  tested  in  each  set.  The  specimens  conformed 

with  the  ASTM  E399  requirements,  with  w = 3.0  in.,  except 

for  specimen  thickness.  In  each  set  were  included  specimens 

having  thicknesses  both  above  and  well  below  the  minimum  re- 

2 

quirement.  for  plane  strain  fracture,  R > 2.5(Klf>/a  ).  The 

tests  were  conducted  on  an  MTS  servohyd rau 1 i c system  operated 
in  load  control. 

The  specimens  that  had  thicknesses  lower  than  the  mini- 
mum thickness  required  for  plane  strain  fracture  showed  evi- 
dence of  significant  subcritical  crack  growth.  Although  sub- 
critical  crack  growth  was  not  usually  observed  directly,  it 
was  inferred  from  sudden  changes  in  slope  of  t lie  load-dis- 
placement curves.  Most  of  the  nonlinearity  of  the  curves 
occurred  after  the  onset  of  subcritical  crack  growth.  Two 
critical  points  were  identified  for  these  tests:  (a)  the 


onset  of  subcritical  crack  growth,  and  (I')  the  initiation  of 
unstable  fracture,  which  corresponded  to  the  maximum  load. 
Prom  an  engineering  point  of  view  the  second  critical  point 


1 2 


(unstable  fracture)  is  more  important  than  the  first.  However, 
the  analytical  bases  for  most  of  the  nonlinear  methods  are 
appropriate  only  to  the  onset  of  subcritical  crack  growth.  In 
order  to  obtain  a better  appreciation  of  several  of  the  non- 
linear toughness  values  under  different  amounts  of  nonlinear 
behavior,  several  of  them  were  determined  from  the  load-dis- 
placement record  at  point  (a)  as  well  as  at  point  (b) . For 
reference  purposes  the  linear  toughness  value  (T  was  also 
calculated  based  on  the  corresponding  load.  These  values 

coincided  with  the  G_  value  when  the  minimum  thickness  re- 

I c 

quirement  was  satisfied. 

Nonlinear  Tnergy  Method.  The  procedure  for  evaluating  G is 
given  in  Ref.  [12].  The  relation,  G = ClT  , is  applicable 
for  plane  strain  as  well  as  plane  stress  conditions.  The 
quantity  C is  obtained  by  drawing  the  initial  tangent  and  two 
reduced  modulus  lines  to  the  load -displacement  curve,  one  of 
which  passes  through  the  critical  point,  Fig.  1.  At  the  two 
intersection  points  of  the  sccan.  tines  with  the  load-dis- 
placement record  the  following  conditions  are  satisfied 


r 


from  which 
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i-rx  f 

' k(KT) 


1 - a 7 F - 
' k(5T1 


n- 1 


n- 1 


(16) 


By  eliminating  k from  Eq.(16),  it  is  seen  that 
1 + Jin  [o^  (1 -«j  ) /oij  (1 -n7  ) ] 


n = 


Tn(Ti7F-2T 


and  the  expression  for  C can  be  written 

2n (1-a, ) F n_1  2n(l-a  ) F 

c ■ 1 * spmnrrbf  ‘ 1 * svrmTf  (F7> 

Since  F = F , Fq.(18)  assumes  the  simplified  form 
c z 


n-1 


C = 1 + 


2n  ( 1 -a7 ) 

z 

a7  (11  + I ) 


(17) 


(18) 


(19) 


Thus  C can  be  determined  for  any  load -displacement  record  by 
evaluating  the  parameters  a^,a?,F^  and  F7  = 1:  . Since  C is 
not  dependent  on  M,  but  only  on  cij ,n7  and  n,  the  load -clip 
gauge  displacement  curve  can  be  used  for  the  determination 
of  C;  i.e.,  it  is  not  necessary  to  obtain  the  load-point 
displacement . 

COD  Method.  In  principle,  the  calculation  of  G(,  r from  the 
COD  value  is  straightforward  because  of  the  simplified  re- 
lation 0 = o 6 . However,  the  technique  for  determining 

COD  yr,  c ^ 


J 


-11- 


6^  is  not  well  established.  The  most  widely  used  approach  is 
to  calculate  it  from  clip  gauge  displacement  measurements. 

Hover f 13]  assumed  that  the  specimen  deformation  can  be  repre- 
sented by  a rotation  about  some  point  r(w-a)  ahead  of  the  crack, 
big.  2.  Hence  the  ratio  of  the  clip  gauge  reading,  V , and  6 
is  given  by 


' g _ i __  a+z 

- 1 + r fw n 


(20) 


The  viewpoint  is  generally  held  that  r remains  constant  above 
certain  large  values  of  displacement.  However,  there  is  no 
general  agreement  as  to  the  exact  value  of  r.  Another  method 


of  determining  r for  compact  tension  specimens  was  develope 
by  F.gan[14]  from  a finite  element  analysis.  In  the  present 
investigation  the  hgan  approach  for  determining  r was  followed. 


■1  Integral  Method.  The  procedure  initially  followed  by  Begley 
and  Landes  for  evaluation  of  I . I C , 7 ] involved  a nonlinear 
compliance  approach  using  several  specimens  of  different  crack 
lengths.  However,  Rice,  F’aris  and  Merkle(15)  stipulated  that, 
for  deeply  notched  specimens,  J can  lie  obtained  as 


, = 2A 

1c  B (w- a) 

where  A in  the  area  under  the  load- load 
curve  up  to  the  critical  point  and  B is 


(21) 

point  displacement 
the  thick ne s s . I rom 


the  Ramberg- Osgood  representation  of  t lie  load -displacement 
record,  the  area  under  the'  load  clip  gauge  displacement  curve, 
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? 

i 

i 


can  be  obtained  by  integration  as 


7 


(22) 


The  value  of  M is  dependent  on  the  point  where  the  displace- 
ment is  measured.  Hence,  the  clip  gauge  displacement  read- 
ing, V , gives  a lower  value  of  M than  the  load  point  dis- 

placement.  JT  should  be  determined  from  the  area  under  the 
1 I c 

load-load  point  displacement  curve  in  the  form 


A = 


from  the  procedure  used  for  determining  , 


(23) 


can  be  seen 


that 


V 

V 


£ 

R 


a»  r (w - a) 
z + a + r ( w - a ) 


(24) 


RliSlJl.rS  AMI  DISCUSSION 

The  linear  fracture  toughness  (Cl  ) , the  nonlinear 
energy  toughness  ((i  ) , .1  ^ , and  (1  were  evaluated  for  eacli 

specimen  from  a single  load  displacement  record.  These  quan- 
tities were  obtained  at  two  critical  points  --  the  onset  of 
subcritical  crack  growth  and  the  initiation  of  unstable  crack 
propagation  (maximum  load).  This  procedure  facilitated  com- 
parisons among  the  different  fracture  toughness  parameters  as 
a function  of  thickness  for  the  alloys  7075-T651,  2124 -T851 
and  Ti - 6A£- 4 V in  the  (?  forged  condition. 

The  test  results  of  the  relatively  brittle  7 07  5 -TO 51 
alloy  are  shown  in  Fig.  3a  and  b.  The  toughness  values  cor- 
responding to  the  0.063  in.  thickness  were  obtained  from 
center-cracked  sheet  specimens.  All  of  the  othei  results 
were  determined  from  tests  on  compact  tension  specimens. 

When  the  maximum  load  was  s<  looted  as  the  critical  point,  all 
of  the  toughness  parameters  increased  markedly  with  decreasing 
specimen  thicknesses  as  is  seen  in  Fig.  3a.  CL  , (1,  and  J, 
displayed  a regular  variation  with  changes  in  thickness,  with 
CIT  consistently  higher  than  d,  and  J,  higher  than  (T  . 

The  differences  among  the  three  toughness  parameters  decreased 
with  increasing  thicknesses.  When  the  thicknesses  satisfied 
the  ASTM  requirement,  the  toughness  values  almosl  coincided, 
as  would  be  expected  from  the  analytical  bases  of  the  methods. 
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As  compared  to  these  three  toughness  parameters,  the  G D 

values  were  significantly  larger  at  all  thicknesses,  and 
they  varied  with  specimen  thickness  in  an  irregular  manner. 

When  the  onset  of  subcritical  crack  growth  was  chosen 
as  the  critical  point,  the  f>Ic>  G and  .J  toughness 
values  were  seen  to  be  independent  of  thickness  changes, 
and  were  very  close  to  one  another,  as  seen  in  Fig.  3b. 

For  all  thicknesses  except  0.5  in.,  the  J values  were 
smaller  than  G . As  in  Fig.  3b,  the  G ^ values  were  much 
higher  than  the  other  three  and  varied  irregularly  with  the 
specimen  thickness. 

In  Fig.  3a  and  3b  there  was  no  significant  change  in 
£ and  G values  when  the  specimen  geometry  was  changed 
from  compact  tension  to  center- cracked  sheets,  since  all  of 
the  points  fit  into  a smooth  curve.  This  behavior  demon- 
strates the  lack  of  dependency  of  G and  G^  on  specimen 
geometry . 

At  thickness  values  above  that  required  by  ASTM  R399, 

2 

c = K ^ ^ / F.  = G and  is  expected  to  remain  independent  of 
additional  increases  in  specimen  thickness.  In  7075-1651 
only  the  specimen  with  thickness  0.5  in.  met  the  ASTM  require 
ment . 

As  currently  formulated  [16  ] , J is  claimed  to  lie  con- 
stant to  a considerably  lower  thickness  (50  .1,  /o  ) than 

' I c vs 


I 


I 


p 


1 f-’ 


that  required  by  the  linear  VTJ'M  method.  It  can  be  seen 

from  lit;.  3b  that  .1  evaluated  at  the  onset  of  sober  i 1 1 cal 

I c 

crack  growth  does  exhibit  geometry  independence  down  to  the 
thinnest  specimen  tested.  It  is  noted  that  for  these  tests 
practically  no  nonlinearity  in  the  load-displacement  record 
occurred  prior  to  the  onset  of  subcritical  cracking.  However, 
when  the  maximum  load  was  taken  as  the'  critical  point,  J 
increased  substantially  with  decreasing  thickness. 

The  thickness  dependency  of  toughness  values  for  the  more 
ductile  2124-T851  alloy,  Fig.  4a  and  b,  was  similar  to  that 
for  7075-T051.  However,  the  toughness  values  exhibited  more 
scatter  than  for  tire  7075  alloy.  The  experimental  scatter  in 
all  of  these  results  would  certainly  be  reduced  if  at  least 
three  specimens  are  tested  at  each  thickness,  as  recommended 
in  ASTM  F.399.  The  2124  alloy  specimens  with  thickness  greater 
than  1.2  an.  satisfied  the  thickness  requirement  and  accord- 
ingly gave  toughness  values  independent  of  thickness  in  this 
region.  The  minimum  thickness  for  which  .1  was  supposed  to 
remain  constant,  50d[c/e^  was  approximately  0.1  in.  for  this 
allov  when  the  maximum  load  is  taken  as  the  critical  load, 

I ig.  la.  Rut  as  in  the  case  of  7075-T651,  the  dr^  value  in- 
creases with  decreasing,  thickness  below  1.2  in.  When  the 
onset  of  subcritical  crack  growth  is  taken  as  the  critical 

point,  (I,  , (1  and  were  essentially  independent  of  spec- 
ie r c io 

As  before,  the  values  for  H . , 


imen  thickness. 


wore  much 
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higher  than  the  others. 

The  Ti-6A£-4V  alloy  also  displayed  the  same  type  of 
thickness  dependency  of  toughness  parameters  as  the  two 
aluminum  alloys,  Fig.  5a  and  b.  For  this  alloy  none  of  the 
specimens  satisfied  the  ASTM  thickness  requi  rement  . For 

testing  the  minimum  thickness  of  50J  /a  e was  approximately 

-l-  c y s 

0.35  in.  when  the  maximum  load  was  used  as  the  critical 
point.  However,  constancy  of  Jj  was  not  observed  for  any 
of  these  tests.  Fven  when  the  onset  of  subcritical  crack 
growth  was  selected  as  the  critical  point,  7T  , ('^  and  J 

showed  small  increases  with  decreasing  thickness.  The  onset 
of  subcritical  crack  growth  was  less  well  defined  for  this 
alloy  and  hence  the  accuracy  of  determination  of  this  point 
was  lower  than  for  the  aluminum  alloys. 

It  has  been  shown  that  in  all  three  alloys  the  (I  ^ 
values  were  very  large  and  irregularly  varying  with  thick- 
ness as  compared  to  the  other  three  toughness  parameters. 
Probably  this  is  because,  in  addition  to  the  large  approxi- 
mations made  in  the  development  of  the  HOD  method,  a suit- 
able technique  for  determining  COD  in  compact  tension  speci- 
men does  not  exist.  All  suggested  techniques,  including  the 
one  used  in  this  investigation,  are  quite  sensitive  to  sub- 
critical crack  growth,  which  tends  to  yield  unreasonably 
large  values  of  COD. 


- .'0  - 

The  differences  in  G,  and  I from  G,  were  large  when 
the  peak  load  was  taken  as  the  critical  point.  When  the  on- 
set of  subcritical  crack  growth  was  taken  as  the  critical 
point,  there  were  no  large  differences  among  the  three  tough- 
ness values,  and  (T  was  almost  the  same  as  the  ASTM  stan- 
dard toughness  (G  ) value.  'this  behavior  indicates  that  in 
all  three  alloys  tlie  nonlinearity  occurred  p redominent ly 
after  the  onset  of  subcritical  crack  growth.  It  also  indi- 
cates that  valid  values  can  lie  obtained  from  specimens  of 

thickness  much  less  than  that  required  by  ASTM  1:399  by  eval- 
uating Gr  at  the  onset  of  subcritical  crack  growth.  This 
can  potentially  lead  to  elimination  of  the  need  for  large  un- 
wieldy test  specimens  and  result  in  significant  savings  in 
materials  and  testing  expenses. 

Comparison  of  cither  the  G or  .1, ,c  toughness  values 
at  the  two  critical  points  illustrates  quite  clearly  the 
severe  penalty  paid  hyr  eval  'a  in,;  fracture  toughness  values 
only  at  the  onset  of  subcritical  crack  growth.  Tor  example, 
the  G values  evaluated  at  the  maximum  load  are  generally 
two  to  three  times  as  large  as  the  values  obtained  at  the 
onset  of  subcritical  cracking.  Since  the  prevention  of  mi 
stable  fracture  of  engineering  structures  is  the  primary 
application  of  fracture  mechanics,  it  is  important  to  in- 
corporate the  complete  material  response  f 1 oad -d i spl accment 
record)  into  the  fracture  toughness  determination. 


I 
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CONCLUSIONS 


1.  Comparisons  among  (T_  , Gr  , .Jr  and  G„ were  made  for 

Icicle  COD 

three  alloys.  The  toughness  values  were  evaluated  at  maxi- 
imum  load  and  at  the  onset  of  subcritical  crack  growth. 

2.  When  the  maximum  load  was  taken  as  the  critical  point, 
all  of  the  toughness  parameters  displayed  higher  values 
with  decreasing  specimen  thickness.  When  the  onset  of 
subcritical  crack  growth  was  taken  as  the  critical  point, 

GXc , GXc  and  ^ were  essentially  constant  at  all  thicknesses. 
In  both  cases  GCQD  had  higher  values  than  the  other  three  and 
varied  irregularity  with  thickness. 


3.  C_  and  JT  varied  in  a similar  fashion, with  CT  alwavs 

I c I c I c 

greater  than  J^c  whenever  significant  nonlinearity  occurred. 
At  the  onset  of  subcritical  crack  growth  and  for  brittle 
fracture , , J and  gave  generally  similar  toughness 

values  with  JT  often  lower  than  CT  and  TTt  . 

I c I c I c 

4.  When  the  toughness  values  were  determined  at  the  onset  of 
subcritical  crack  growth  they  remained  constant  down  to  much 
lower  thicknesses  than  those  required  by  t lie  ASTM  standard. 
Most  of  the  nonlinearity  occurred  after  the  onset  of  sub- 
critical crack  growth. 
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5.  Minimum  thickness  requirements  by  AS  I'M  11399  and  by  J 
criterion  have  been  evaluated  and  it  was  seen  that  the  1:399 
requirement  was  an  order  of  magnitude  greater  than  J ^ . How- 
ever J values  were  not  constant  below  the  ASTM  required 

thickness  when  J.r  was  determined  at  the  maximum  load.  A 
l c 

thickness  of  50  J _ / cr  is  not  adequate  to  provide  constancy 
of  toughness  values  at  maximum  load. 

6.  Constancy  of  J and  CJ(>  with  thickness  were  very  similar 
for  all  of  the  tests. 

7.  The  test  results  indicate  that  valid  G values  can  be 
obtained  from  specimens  of  thickness  much  lower  than  that 
required  by  ASTM  1.399  by  evaluating  7T.  at  the  onset  of  sub- 
critical  crack  growth. 

8.  Comparison  of  G or  J ( ^ at  the  two  critical  points  il- 
lustrates the  severe  penalty  paid  by  evaluating  fracture 
toughness  values  only  at  thr  onset  of  subcritical  crack 
growth,  since  G values  at  maximum  load  were  generally  two 
or  three  times  as  large  as  the  values  at  the  onset  of  sub- 
critical  cracking. 


- 23  - 
REFERENCES 

[1]  G.  R.  Irwin,  J.  A.  Kies  and  II.  L.  Smith,  Fracture 
Strengths  Relative  to  Onset  and  Arrest  of  Crack  Pro- 
pagation. Proc.  Am.  Soc.  Test.  Mat 'Is.,  Vol.  58,  p.  640, 
1958. 

[2]  G.  R.  Irwin,  Fracture  Testing  of  High-Strength  Sheet 
Materials  Under  Conditions  Appropriate  for  Stress  Anal- 
ysis. Naval  Research  Laboratory  Report  5486,  .July,  1960. 

[3]  A.  A.  Wells,  Unstable  Crack  Propagation  in  Metals.  Proc . 
Conf.  Crack  Propagation,  Cr an  field,  England,  p.  21  0 , 1 962  . 

[4]  .J.  R.  Rice,  A Path  Independent  Integral  and  the  Approx- 
imate Analysis  of  Strain  Concentration  by  Notches  and 
Cracks.  Trans.  Am.  Soc.  Mech.  Fngrs.,  Journal  of  Applied 
Mechanics , p . 379,  1968. 

[5]  J.  R.  Rice,  Mathematical  Analysis  in  the  Mechanics  of 
Fracture.  Fracture,  An  Advanced  Treatise  fed.  by  H. 
Liebowitz) , Vol.  2,  p . 192,  The  Academic  Press,  1968. 

[6]  J.  A.  Regley  and  J.  R.  Landes,  The  .1  Integral  as  a Frac- 
ture Criterion.  Fracture  Toughness,  ASTM  STP514,  Am. 

Soc.  Test.  Mat 'Is.,  1972. 

[7]  .1.  R.  Landes  and  .J.  A.  Begley,  The  Fffcct  of  Specimen 
Geometry  on  J t _.  Fract  urc  Toughness  , ASTM  S l'1’514,  Am. 

Soc.  Test..  Mat 'Is.,  Philadelphia,  1972. 


[8]  J.  F. ft  is  and  II.  Liebowitz,  ‘hi  1 racture  Toughness  Evalu- 


i 


at  ion  for  Somibr  itt  le  Fracture.  bngrg.  Tract.  Mcch., 

Vol.  7,  p.  101,  107?. 

1 9 1 .1.  F.ftis , D.  L.  Jones  ami  M.  Liebowitz,  On  fracture 

Toughness  in  the  Nonlinear  Range.  1'ngrg.  Tract.  Mech.  , 
Vol . 7 , p.  49  1 , 1975. 

[10]  R.  W.  Nichols,  et  al.,  The  Use  of  Critical  COD  Tech- 
niques for  the  Selection  of  Fracture  Resistant  Materials. 

bract  . tract.  Mcch.  for  Stru ct . Steel  , Chapman  and  Hall/ 

IJKAHA , Rislev,  Lngland,  1969. 

[11]  J.  D.  C.  Sumpter  ami  C,  T.  Turner,  Fracture  Analysis  in 

Areas  of  High  Normal  Strain.  Second Int.  t.onf.  on  Pres. 

Vessel  Tech . , San  Antonio,  TX,  1975. 

[12]  It.  Liebowitz  and  1).  L.  Jones,  On  Test  Methods  for  Non- 

Linear  Fracture  Mechanics.  P roc . Tenth  Annual  Mtg.  Soc. 

bngrg.  Science,  Raleigh,  N.  C.  , 19  7.5. 

[13]  W.  D.  Dover,  Fatigue  Crack  Crowth  Under  COM  Cycling. 

Lngrg . Tract . Mcch . , Vol.  3,  p.  11,  19 ’3. 

[14]  f>.  R.  Lgan,  Compatibility  of  Linear  Plastic  (K  ) and 
General  Yielding  (COD)  Fracture  Mechanics.  Fngrg.  Tract. 
Mcch. , Vol.  5,  p.  167,  1973. 


[15]  J.  R.  Rice,  P.  C.  Paris  and  J.  C.  Merkle,  Some  Further 
Results  of  J Integral  Analysis  and  Lstimatcs.  Progress 


25 


In  Flaw  Growth  and  Fracture  Toughness  Testing , ASTM 
STP536 , Am.  See.  Test.  Mat 'Is.,  p.  231,  1973. 

[16]  J.  D.  Landes  and  J.  A.  Begley,  Test  Results  from  J 

Integral  Studies  --  An  Attempt  to  Establish  a JT 

I c 

Testing  Procedure.  fracture  Analysis,  ASTM  STP560,  Am. 
Test.  Mat' Is. , p.  170,  1974. 


FIG  1 TYPICAL  NONLINEAR  LOAD  DISPLACEMENT 
CURVE  SHOWING  THREE  PARAMETER 
REPRESENTATION  AND  REDUCED  MODULUS 
LINES 


vg  ^ + a + r (w  a 
Y(  a + r (w  a) 

Vg  Z + a + r Iw  a) 
r (w  - a ) 

FIG  2 A MODFL  FOR  DETERMINING  DISPLACEMENT 
along  loading  line  and  at  the  crack 
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THICKNESS  (in.) 

Fig.  3a.  Variation  of  toughness  parameters  with  specimen  thickness 
for  7075-T651  (L*T),  determined  at  peak  load. 
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Fig.  3b.  Variation  of  toughness  parameters  with  specimen  thickness  for  7075-T651  (L-T), 
determined  at  the  initiation  of  subcritical  crack  growth. 
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Fig.  4a  Variation  of  toughness  parameters  with  specimen  thickness 
for  2124-T851  (T-L),  determined  at  peak  load. 
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THICKNESS  (in.) 

Fig.  4b  Variation  of  tougness  parameters  with  specimen  thickness  for  2124-T85KT-L), 
determined  at  the  initiation  of  subcritical  crack  growth. 
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Fig.  5a.  Variation  of  toughness  parameters  with  specimen  thickness 
for  Ti-6AI-4V,  B forged  (L-T).  determined  at  peak  load. 
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Fig.  5b.  Variation  of  toughness  parameters  with  specimen  thickness  for  Ti-6AI-4V, 
forged  (L-T),  determined  at  the  initiation  of  subcritical  crack  growth. 
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